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Abstract 
Magnetic water-in-oil micromeulsions with anisotropic morphology have been generated by mixing single-
chain magnetic surfactants (dodecyltrimethylammonium trichloromonobromoferrate, DTAF) with non-
magnetic di-chain analogues (didodecyldiimethylammonium bromide, DDAB). Full phase diagrams have 
been mapped as a function of surfactant composition, water content, and temperature. It was shown that for 
all surfactant concentrations [Surfactanttotal], on replacing 30wt% DDAB with DTAF optimum w ratios could 
be achieved; up to w =120 for [Surfactanttotal] = 0.050M. Small-angle neutron scattering (SANS) indicated 
that microemulsions droplets had a rod-like morphology with a radius commensurate with the surfactant tail 
length and an aspect ratio between 6 and 35. In the presence of a large magnetic field (6.7 T) no reorientation 
of the droplets was observed by SANS. 
 
Introduction 
 Magnetic surfactants are a relatively new class of stimuli responsive surfactants [1]. Their magnetic 
properties derive from metal ions either chelated to a surfactant headgroup [2] or existing as a counterion [3]. 
Over the past 5 years magnetic surfactants have found demonstrated application ranging from protein 
separations [4] and DNA manipulation [5], to water remediation [6] and soft colloidal templates [7]. 
Nanoparticle-free magnetic emulsions have also been generated using magnetic surfactants offering an 
alternative to Pickering-emulsions [8], which require pre-synthesized nanoparticles limiting scale up 
applications. Like emulsions, microemulsions have widespread industrial application [9] and also offer much 
promise as drug delivery systems [10]. They may be considered as being related to emulsions [11] (i.e. droplet 
type dispersions either of oil in water (o/w) or of water-in-oil, with a size range in the order of 1 – 50 nm in 
drop radius). However, unlike emulsions, once the conditions are right, microemulsions form spontaneously 
and are thermodynamically stable mixtures. Magnetically-responsive microemulsions generated from 
lanthanide based magnetic surfactants have been reported but detailed structural investigation were not 
undertaken [12] and magnetic experiments were limited to SQUID magnetometry and did not look at changes 
in microemulsion structure. The only other study of magnetic microemulsions using magnetic surfactants was 
not conclusive. The authors used small-angle neutron scattering to ascertain if such structural control was 
possible. Under an applied 1.6 T field almost no variation between scattering profiles was detected, though 
the difference was measurable [13]. 
 In this paper, we report mixed surfactant microemulsions generated by blending a traditional di-chain 
surfactant di-n-didodecyldimethylammonium bromide, DDAB, with a single chain magnetic analogue 
dodecyltrimethylimidazolium trichloromonobromoferrate, DTAF. Such surfactant mixtures are often 
employed in a wide variety of applications as they give rise to enhanced performance over individual 
components [14]. In most cases, surfactant synergism is the only way to reach the low surface tensions 
required (approximately 0.01 mN m-1) for microemulsion formation. The phase behaviour and stability of the 
mixed surfactant magnetic microemulsions has been characterized and droplet movement in a magnetic field 
has been investigated using small-angle neutron scattering (SANS). The study demonstrates how magnetic 
surfactants can replace conventional surfactants in formulations and may help those interested in designing 
novel tunable nanomagnets [12] and spin-glass systems [15]. Finally, using SANS in a strong magnetic field, 
it was clear that manipulation of the droplets was not possible. This is perhaps a surprizing result considering 
each droplet contains more magnetic material than other magnetic colloidal systems reported in literature [4], 
which can be manipulated on the nanoscale. This result may have important implications in development of 
performance surfactants for applications such as enhanced oil recovery and treatments fluids. For example, 
bulk microemulsions that respond to a magnetic field may be useful for enhanced oil recovery [16, 17] or as 
viscosified treatment fluids [18]. In particular the use of magnetic treatment fluids comprising magnetic 
surfactants has recently been patented [19]. However, if the individual droplets do not orientate themselves in 
the magnetic field then enhanced magneto-rheological effects may be limited. It is anticipated that this study 
will prompt further research into the origins of magnetism in surfactant based systems and help determine 
potential applications. 
 
Experimental 
Materials and Synthesis 
Dodecyltrimethylammonium bromide (DTAB, 99%) iron trichloride (99.9%), didodecyltrimethylammonium 
bromide (99%, DDAB) and n-heptane (<99) were bought from Sigma Aldrich. n-Heptane, is known to contain 
surface-active impurities. Prior to making microemulsions, heptane was purified by washing with fuming 
sulfuric acid, then neutralising with 10 wt% sodium bicarbonate (aq.) with chemical purity being assessed by 
interfacial tension measurements [20].  
Dodecyltrimethylammonium trichloromonobromoferrate (DTAF) was synthesized according to literature [3]. 
In brief 1eq. dodecyltrimethylammonium bromide (Sigma, 99%) was mixed with iron trichloride (Sigma, 
99.9%) in methanol for 1 hour. The solvent was then removed under reduced pressure and the surfactant dried 
in vacuo for 48 hours. Purity was characterized by elemental analysis and UV-Vis spectroscopy [3]. 
Experimental and theoretical (brackets) as % wt. DTAF: C 38.29 (38.31), H 7.22 (7.23), N 2.98 (2.97).   
Interfacial Tension Measurement at water/n-heptane interface 
The interfacial tension (IFT) at a water/n-heptane interface in the presence of a surfactant was measured 
with the pendant-drop tensiometer developed in our laboratory. The following procedure was carried out for 
the measurements. For the measurement Water/n-heptane microemulsions containing DTAF/DDAB mixtures 
at the total surfactant concentration of 0.1M were prepared at the constant water-to-surfactant molar ratio of 
10 and DDAB concentrations of 100, 90, 80 ,70, and 60 wt% in total surfactant mass. A glass syringe with 
the needle gauge 28 (o.d. 0.362 mm and i.d. 0.184 mm) was used to form pendant droplets in the 
microemulions contained in a quartz cell. When a water droplet was formed at the tip of the needle in the 
microemulsions, water began to dissolve in the microemulsion and the size of the drop reduced. Thus, by 
adding water from the syringe, the size of the droplet was kept almost constant. Once a suitable droplet was 
formed, a photograph of the droplet was taken and used for calculation of IFT value. 
The IFT was determined from the shape of the droplet using axisymmetric drop shape analysis (ADSA) 
based on the Laplace equation. [21-24] In the analysis, the densities of the n-heptane-rich and water-rich 
phases were assumed to be equal to those of their respective pure constituents. Several images of the droplet 
were taken at certain time intervals to attain thermodynamic equilibrium, until the variation in the observed 
IFT became smaller than 0.1 mN/m per 20 min. At least 5 drops were formed under each experimental 
condition to obtain an average value. 
 
Microemulsion Formation 
Microemulsions were prepared by weighing the required amounts of DDAB and DTAF (weighed using a 
four-figure balance with an accuracy of ± 0.1 mg) into clean, 5 ml volumetric flasks, then required volumes 
of water were added (using a Hamilton microsyringe). Next, a few microlitres of heptane was added and the 
mixture vortexed until all the surfactant dissolved. Finally, more heptane was added up to the 5 mL mark and 
samples were shaken thoroughly to attain equilibrium. Samples were then left for 48 hours (owing to phase 
resolution) and characterized by visual inspection. For subsequent concentration studies, serial dilution was 
used. 
 
Small-Angle Neutron Scattering 
Experiments were carried out using the SANS2d instrument at the Rutherford Appleton Laboratory, ISIS, U.K. An 
incident wavelength range of 2.2−14 Å, with the 1m2 detector offset sideways and vertically by 150 mm, was used 
resulting in an effective Q range of 0.005−0.7 Å−1 was used. The measurements gave the absolute scattering cross section 
I(Q) (cm−1) as a function of momentum transfer Q (Å−1). Absolute intensities (±5%) were determined by calibrating the 
received signal from a partially deuterated polymer standard, which was corrected for sample transmission and cell and 
solvent backgrounds, as reported previously.  
The neutron scattering intensity as a function of scattering vector, I(Q), is dependent on the number density 
of scattering bodies, Np; the difference in scattering length density between the scattering body and the 
solvent (Δρ); the particle volume, Vp; the form factor, P(Q), which describes particle size and shape; and the 
background incoherent scattering [25], and is described as follows 
 
𝐼(𝑄) =  𝑁𝑝𝑉𝑝
2(∆𝜌)2𝑃(𝑄)𝑆(𝑄) + 𝐵𝑖𝑛𝑐                                                                                                           (1) 
 
A model for rods was used to fit the data in SASView, which describes both P(Q) and S(Q) [26]. The form 
factor for randomly oriented rods in solution is given by equation 2 and 3, yielding rod length and cross-
sectional radius, R. 
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where the scale is proportional to the volume fraction of the rods, V is the volume of the rod, L is the length, r the radius, 
J1(x) the first order Bessel function of the first kind, α is the angle between the axis of the rod and the Q-vector, and Δρ, 
the contrast (difference between scattering length density of particle and solvent:  ρH2O = -0.56 × 1010 cm−2, ρn-heptane (d16) 
= 6.30 × 1010 cm−2). 
Magnetic fields were applied using a 7.5 T cryomagnet, with the beam passing through ‘narrow ‘ windows and across 
the diameter of the coils. Further details may be found on the STFC ISIS website. 
Results and discussion 
Interfacial Tension 
A prerequisite to microemulsion formation is an ultra-low interfacial tension between the oil and water phases, 
γo/w. A surfactant is used to reduce γo/w sufficiently (lowering energy required to increase surface area) so that 
spontaneous dispersion of water or oil droplets occurs and the system is thermodynamically stable. The 
pendant drop technique was used to measure the interfacial tension of the water-heptane interface as a function 
of surfactant ratio (Table 1). A low interfacial tension of around 1.79 mN m-1 was recorded for pure DDAB. 
This decreased upon addition of the single chain DTAF until at relatively small amounts the interfacial tension 
was too low to measure, demonstrating that these magnetic surfactant blends perform just like conventional 
surfactants. 
 
 
Table 1: Interfacial tension data for water-in-heptane microemulsions with DDAB and DTAF mixtures 
  Water/n-heptane interfacial tension / (mN m-1) 
Run 
DDAB:DTAF 
100:0  
DDAB:DTAF 
90:10 
DDAB:DTAF 
80:20 
1 1.66 1.63 - 
2 1.74 1.47 - 
3 1.85 1.63 - 
4 1.82 1.50 - 
5 1.88 1.44 - 
Average 1.79 1.53 - 
 
Microemulsion Formation 
In this work, phase behaviour was investigated as a function of surfactant ratio (in wt %) and w value (w = 
[water] / [surfactant]) at various surfactant concentrations (Figure 1) and also as a function of temperature at 
constant surfactant concentration (Figure 2) in order to locate phase boundaries. Single-phase (1Φ) w/o 
microemulsions were identified (by visual inspection). Samples with faint turbidity or small water droplets 
settling out, were taken to be at the emulsification boundary (wmax). 
D2O-DDAB-n-heptane microemulsion systems have been studied before, exhibiting two distinct phase 
separations regions (WII and 1Φ) [27]. By partially replacing DDAB with the single chain DTAB, Eastoe et 
al. showed that the single-phase region shifted to higher w, meaning that higher DTAB content both increased 
maximum water solubilization (wmax) and the amount of water required to stabilize the microemulsions (wmin). 
They demonstrated that microemulsion phase behaviour was affected by surfactant bulk composition and 
changes in the effective packing parameter as a result of surfactant mixing at the D2O-heptane interface. The 
single-chained DTAB prefers to be curved toward the oil (positive curvature, v/ahlc ~ 0.65), whereas the 
double-chained surfactant curves towards water (negative curvature, v/ahlc ~ 1.30). Here curvature depends on 
both surfactant type but also on the oil-water interface. Replacing DDAB by DTAB decreases the average 
chain volume, whilst the area per surfactant head group remains almost constant. Hence the mean packing 
parameter of the surfactant mixture decreases. 
Instead of using DTAB, our studies used the structurally analogues but magnetically-responsive surfactant 
DTAF. It is important to note that conductivity data and SANS show only small changes in physico-chemical 
properties of these surfactants on changing the anion from Br- to FeCl3Br
- [3]. 
The phase behaviour of DDAB-DTAF systems (Figure 1) compares with the studies for DDAB-DTAB 
systems, and is almost independent of overall surfactant content [28]. Increasing DTAF content to around 30 
wt% leads to wmax = 120 (for 0.050 M surfactant system) for a single-phase. This is consistent with the 
interfacial tension analysis. Above the solubilization boundary, the w/o microemulsion is present in co-
existence with an excess water phase (i.e. Winsor II (WII) system). 
 
 
Figure 1: Phase diagram as a function of surfactant ratio (DDAB:DTAF) , w value and total surfactant 
concentration at 25 ˚C. [Surfactanttotal]: 0.100 M (green circle), 0.050 M (red square), 0.025 M (blue 
triangle). 1ϕ represents a single isotropic phase; and 2ϕ/ WII represents a two phase system whereby the 
upperlayer is a microemulsion and the lower layer contains excess water. 
 
There are two effects of temperature for ionic surfactant systems: (i) an increase in the electrostatic repulsions 
between the surfactant headgroups (due to higher counter-ion dissociation), causes a decrease in film 
curvature; (ii) more gauche conformations are induced in the surfactant chains, which become more coiled, 
resulting in an decrease in curvature [29, 30]. It is understood that the combined effects are competitive with 
the electrostatic term believed to be slightly dominant, so curvature increases weakly with increasing 
temperature [27]. [PB1]The results in this paper appear broadly agree with this (Figure 2). For 0.10 M total 
surfactant concentration on increasing the temperature from -18 ˚C up to 25 ˚C the single phase region 
increases. However, on increasing the temperature further to 55 ˚C a dramatic decrease in the single phase 
region occurs. This is probably owing to a change in dominance whereby tail group conformation becomes 
more important. 
 Figure 2: Phase diagram at constant surfactant concentration (0.10 M), as a function of surfactant ratio 
(DDAB:DTAF), w value and temperature. Temperature: 55 ˚C (green square), 25 ˚C(blue triangle), 5 ˚C(red 
circle), -18 ˚C(pink circle). 1ϕ represents a single isotropic phase; and 2ϕ/ WII represents a two phase 
system whereby the upperlayer is a microemulsion and the lower layer contains excess water. 
 
Small-Angle Neutron Scattering 
Small-angle neutron scattering (SANS) conclusively shows the structure of the microemulsions as a function 
of surfactant ratio at constant w value and overall surfactant concentration. The profiles are consistent with 
non-interacting rods (Figure 3, Table 2) whereby increasing the DTAF (single chain) content leads to a 
reduction in rod length. At high q the scaling of Q-4 indicates a sharp, smooth water/oil interface. 
 
 
 
 Figure 3: SANS profiles for H2O-in-d-heptane mixed micelles using DDAB-DTAF at a fixed total 
surfactant concentration of 0.100 M surfactant at 25 ˚C. Lines are fits using a model for rods. 
  
Table 2:  Parameters fitted to SANS data using the model for rods. 
 
wt % DTAF w Type Shape R / Å L / Å 
0 10 1Φ rod 25 874 
10 10 1Φ rod 25 495 
20 10 1Φ rod 26 252 
30 10 1Φ rod 28 170 
35 10 1Φ rod 28 159 
 
 
 
SANS experiments were repeated in the presence of a 6.7 T magnetic field. However, the anisotropic 
microemulsions appeared not to orientate themselves even in very large fields (6.7 T) as indicated by the 
SANS profiles, which remained consistent with those pre-field (data not shown as exact overlay observed). 
This was an unexpected result but may potentially be that only orientation of spin occurs which does not lead 
to the movement of the microemulsion; unlike other colloidal systems [31, 32]. At first glance, one might 
assume it is simply due to small particle size and low concentrations of magnetic material. However, in the 
case of myoglobin (Mb, 11.6 µM, Mw ~17 kDa) surrounded by a corona of magnetic surfactant (~3.0 mM) 
the conjugates may be concentrated in a weak (0.2T) magnetic field [33]. In this system it may be estimated 
that there are around 261 surfactant molecules per protein spread over a volume of around 22 nm3 (assuming  
Mb diameter = 3.5 nm and is spherical [34]), whereas in the microemulsion studied in this paper (w=10, 
35wt% DTAF) there are ~600 molecules of surfactant per droplet (droplet volume ~ 522 nm3, assuming a 
capped cylinder calculated from SANS and no free surfactant molecules in solution). One reason may the time 
scale of the experiments but this requires further investigation. 
In conclusion, this paper demonstrates how magnetic microemulsions can be formed from a combination of 
surfactants, which allows for easy control of microemulsion size and shape. This should be useful for the 
future study of nanomagnet design [15]. We demonstrate that although bulk microemulsions can be 
manipulated in a magnetic field [12] individual droplets could not according to SANS. This has ramifications 
when developing magnetic surfactants for specific applications such as treatment fluids for oilfields. 
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